RNA editing is a term describing a variety of novel mechanisms for the modification of nucleotide sequences of RNA transcripts in different organisms. These editing events include (a) the U-insertion and -deletion type of editing found in the mitochondrion of kinetoplastid protozoa, (b) the C-insertion editing found in the mitochondrion of Physarum, (c) the C-to-U substitution editing of the mammalian apoB d N A , (d) a similar C-to-U substitution editing of mRNAs in higher plant mitochondria and chloroplasts and in W A S of marsupials and rats, (e) a diverse nucleotide substitution editing of tRNAs in Acanthomoeh mitochondria, and v) the A-to-I type of editing found in the mammalian glutamate receptor subunits. These diverse phenomena involve several different enzymatic mechanisms. In several cases, duplex RNAs with internal or external guide sequences help determine the site specificity of editing. The A-to-I editing observed in RNAs e n d i n g non-NMDA glutamate receptor subunits may be due to the actions of a doublestranded RNA-specific adenosine deaminase that is widespread in higher organisms. Although the fbnction of many RNA editing events is unclear, the biological importance of RNA editing in other systems may prove as significant as the nucleotide modifications regulating the cation selectivity and electrophysiological profiles elaborated by non-NMDA glutamate receptors in the mammalian brain.
INTRODUCTION
The term RNA editing is used to designate a variety of RNA modification phenomena, some of which may be unrelated both mechanistically and evolutionarily. The term was first used to describe a novel genetic phenomenon occurring in the mitochondria of kinetoplastid protozoa (Simpson 1972) , in 27 0 147-006x/%/030 1 -OO27$08.W Annual Reviews www.annualreviews.org/aronline which uridine (U) residues are inserted and occasionally deleted at specific sites, usually within coding regions of mRNA transcripts, creating open reading frames (Benne et al 1986; Van der Spek et a1 1988; Feagin et a1 1988a,b; Shaw et a1 1988 Shaw et a1 , 1989 Bhat et a1 1990; Koslowsky et a1 1990) . Soon thereafter, several other examples of RNA sequence modifications from diverse organisms were reported: a single cytidine ((2)-to-U substitution in the apolipoprotein B (apo B) transcript in mammals (Powell et a1 1987; Chen et a1 1987 Chen et a1 , 1990 Wu et a1 1990; BostrCim et a1 1990) , multiple C-to-U substitutions in transcripts of the mitochondrial and chloroplastic DNAs in higher plants (Gualberto et al 1989 , Covello & Gray 1989 , Hiesel et al 1989 , Gray & Covello 1993 , Schuster et a1 1993 , Araya et a1 1994 , and an insertion of guanosine (G) residues within coding sequences of negative strand RNA viruses (Thomas et a1 1988 , Cattaneo et a1 1989 , Vidal et a1 1990 , Paterson & Lamb 1990 ).
The initial broad definition of RNA editing as "any modification of the sequence of an mRNA molecule within coding regions, except for splicing of introns" ) rapidly proved inadequate to describe the full panoply of novel genetic phenomena that were appearing in the literature. Specific nucleotide changes in mitochondrial tRNAs in Acunthomoebu castelZuni (Lonergan & Gray 1993a,b) and marsupials (Janke & PGbo 1993), specific insertion of C residues in multiple mitochondrial transcripts in Physurum polycephulum (Mahendran et a1 1991) , a single U-to€ change in the mRNA for the Wilms' tumor suppressor gene (Sharma et al 1994) . and a specific A-to-G substitution in a glutamate receptor mRNA in mammals (Sommer et al 1991 , Cha et a1 1994 , Egebjerg et a1 1994 , Puchalski et a1 1994 were described. Several of these modifications were found to be regulated and to have significant phenotypic consequences. The glutamate receptor editing event is of particular interest to the field of neuroscience, and in this review, we survey the various types of RNA editing that have been reported and compare and contrast these phenomena with a more detailed consideration of recent advances in our knowledge of the glutamate receptor type of editing.
U-ADDlTION AND -DELETION RNA EDITING IN TRYPANOSOME MITOCHONDRIA
The U-addition and deletion type of editing that occurs in transcripts of structural genes in mitochondrial DNA from kinetoplastid protozoa is the prototype for RNA editing. The extent of the editing varies from a few U's added at a few sites (5' editing) to hundreds of U's added at hundreds of sites (pan editing), depending on the gene and the species (Benne et al 1986; Van der Spek et a1 1988; Shaw et a1 1988 Shaw et a1 ,1989 ; Feagin et a1 1988a.b Simpson & Annual Reviews www.annualreviews.org/aronline Bhat et a1 1990; Koslowsky et a1 1990) . Deletions also occur but at a lower frequency than additions. In Leishmania furentohe, the transcripts of 12 out of the 20 genes encoded in the mitochondrial maxicircle molecule are edited to varying extents (Shaw et a1 1988 (Shaw et a1 , 1989 Feagin et a1 1988b; Thiemann et al 1994) . Those genes whose transcripts are edited are termed cryptogenes ). In the case of pan-edited cryptogenes (Bhat et a1 1990; Koslowsky et a1 1990; Feagin et al 1988a; Read et al 1992 Read et al , 1994b Souzaet a1 1992 Souzaet a1 ,1993 Thiemann et a1 1994) . the editing is so extensive that the genomic sequences have no recognizable open reading frames at all. This type of RNA editing is mediated by small 3'-oligo-uridylated RNA molecules termed guide RNAs (gRNAs), which are complementary to short regions of the edited transcripts, if G-U base pairs are allowed (Blum et al 1990 , Blum & Simpson 1990 . The editing information is contained in the form of extra A and G residues, which can form base pairs with the inserted U residues. Each gRNA mediates the editing of a block of the preedited mRNA, and adjacent editing blocks overlap with each other (Figure 1 ). Editing proceeds from 3' to 5', with the polarity determined by the creation of upstream gRNA anchor sequences by downstream editing (Maslov & Simpson 1992 , Sugisaki & Takanami, 1993 , Corell et al 1993 . Some of the gRNA genes are located in the maxicircle genome (Blum et al 1990) , but the majority are in the minicircular component of the kinetoplastid DNA (kDNA) (Sturm & Simpson 1990 , 1991 Pollard et al 1990; Pollard & Hajduk 1991; Corell et al 1993; Riley et al 1994) . There is a single tubular mitochondrion per cell with a single kDNA network, and each network contains approximately 10,000 minicircles ranging from 0.5 to 2.5 kb and 20-50 maxicircle molecules ranging in size from 20-36 kb, depending on the species (Simpson 1972 (Simpson , 1987 . The number of minicircle-encoded gRNA genes varies from 60-80 in L. furentohe to over 900 in T~ypumsoma brucei. The latter species contains multiple redundant gRNAs that encode the same editing information but differ in sequence, as a result of allowing G-U base pairing (Corell et a1 1993) .
The precise mechanism of this type of editing remains an open question, but several models have been proposed (Figure 2 ). In the enzyme cascade model (Blum et al 1990) there is an initial cleavage at a mismatched base, followed by the 3' addition of a U residue from UTP or from the 3'-oligo [u] tail of the gRNA (Solher-Webb 1991), which can base-pair with a guide nucleotide in the gRNA, and re-ligation of the mRNA. In the transesterification model (Cech 1991 , Blum et a1 1991 , the U residues are transferred from the 3' end of the gRNA to editing sites by two successive transesterifications, such as occur in RNA splicing. Several enzyme activities have been identified that are candidates for an involvement in editing: a 3' terminal uridylyl transferase (TUTase) (Bakalara et al 1989) , an RNA ligase (White & Borst 1987 , Bakalara et a1 1989 , an RNA helicase (Missel & Goringer 1994), an endonuclease that Annual Reviews www.annualreviews.org/aronline Annual Reviews www.annualreviews.org/aronline cleaves within the preedited region (PER) of the mRNA (Simpson et a1 1992 , Harris et a1 1992 , and a gRNA-mRNA chimeric-forming activity (Harris & Hajduk 1992, Koslowsky et a1 1992 , Blum & Simpson 1992 . Two in vitro systems have also been reported that show RNA editing-like activities: (a) a U-deletion activity in T. brucei mitochondrial extracts, in which exogenous cognate gRNA determines by basepairing the number of U's deleted at the first editing site of the A6 (=MURF4) mRNA (Seiwert & Stuart 1994 ) (U additions were not observed in this system); (b) a U-addition activity in L. furenfolue mitochondrial extracts that is limited precisely to the mRNA preedited region (Frech et al 1995) . The latter activity sediments as a ribonucleoprotein complex at 25s (the G complex) (Peris et a1 1994) . In addition, several smaller RNP complexes have been identified in L. furenfolue that contain gRNA and TUTase activity, the so-called T complexes (Peris et a1 1994) . RNP complexes and a small set of proteins that can be UV cross-linked to gRNA have been identified in T. brucei mitochondrial extracts (Goringer et al 1994 , Koller et a1 1994 , Read et a1 1994a . Detailed analysis of these in vitro systems should produce a clearer understanding of this type of RNA editing.
A great deal has been learned recently about the evolution of the trypanosome U-addition and -deletion type of editing. Analysis of edited genes in several kinetoplastid species that were located on a phylogenetic tree by rRNA sequence analysis (Femandes et a1 1993 , Landweber & Gilbert 1994 , Maslov et al 1994 showed that this type of editing was probably present in an ancestor of the entire kinetoplastid lineage, which represents one of the earliest extant eukaryotic cells possessing a mitochondrion. It is still unclear, however, whether U-editing was present in the eubacterial ancestor of the kinetoplastid mitochondrion or even earlier or whether it first appeared in the kinetoplastid mitochondrion (Femandes et a1 1993; Landweber & Gilbert 1994; Maslov & Simpson 1994; Simpson & Maslov 1994a,b) .
C-ADDITION EDITING IN PHYSARUM MITOCHONDRIA
A unique and complex type of editing occurs with transcripts of the 60-kb mitochondrial genome of P. polycephalum, another primitive eukaryotic cell. The protein coding genes contain -1 frameshifts located approximately every 25 nucleotides (nt), which are overcome at the RNA level by the insertion of single C residues (Mahendran et a1 1991 (Mahendran et a1 , 1994 . A similar C-insertion phenomenon occurs posttranscriptionally in the mitochondrial rRNAs and tRNAs, both in conserved and variable regions, and in duplex regions and singlestranded loops. In addition to C insertions, a low level of U, G, and A single nucleotide insertions, dinucleotide insertions, and even C-to-U substitutions Annual Reviews www.annualreviews.org/aronline were observed (Gott et a1 1993) . No polarity appears to be involved, which is unlike the trypanosome editing, and no evidence for the existence of gRNAs has been obtained (Mahendran et al 1991 (Mahendran et al , 1994 . There is a clear bias for C insertion to occur after purine-pyrimidine dinucleotides. However, the mechanism and site specificity of this type of editing is unknown, and the suggestion has been made that multiple types of editing with multiple mechanisms may be occurring in this system.
C-TO-U SUBSTITUTIONAL EDITING: MAMMALIAN APO B mRNA AND PLANT MITOCHONDRIAL TRANSCRIPTS
In the mammalian small intestine, a single C residue within the glutamine codon 2153 (CAA) of the apo B transcript is changed to a U residue, resulting in a UAA stop codon and a truncated protein with different physiological functions (Chen et al 1987 , Powell et a1 1987 , Driscoll et al 1989 . A breakthrough in the analysis of this phenomenon was the development in 1989 of an in vitro editing system using cytoplasmic (S-100) cellular extracts (Driscoll et a1 1989) . Smith et a1 (1991) demonstrated the presence of 11s and 27s ribonucleoprotein complexes involved in in vitro editing. Recently, a subunit of the editing complex was isolated by a functional cloning method and identified as a cytidine deaminase (Teng et al 1993 , Hadjiagapiou et a1 1994 , Johnson et al 1993 , Driscoll & Zhang 1994 , Yamanaka et a1 1994 . A 43-kd and a 60-kd protein were shown to represent additional components of the editing complex by UV cross-linking to substrate RNA (Hams et a1 1993 , Navaratnam et al 1993 .
The site specificity of this editing event is conferred by a conserved 26-nt downstream mooring sequence and upstream enhancer sequences (Backus & Smith 1991 Shah et a1 1991; Backus et a1 1994) . The 3' sequence block can be transposed elsewhere and shown to confer specific C-to-U editing in vitro (Backus & Smith 1991) .
A superficially similar type of substitution editing occurs in higher plant mitochondria but is much more extensive and more varied (Araya et a1 1994 , Gray & Covello 1993 . Multiple sites in transcripts of structural and in one case rRNA genes are modified by specific C-to-U (Gualberto et a1 1989; Covello & Gray 1989; Gray & Covello 1993; Araya et a1 1992 Araya et a1 ,1994 Schuster et a1 1993; Hiesel et al 1989; Graves et al 1990) and, in a few cases, U-to-C substitutions (Schuster et al1990a) and even C deletions (Gualberto et a1 1991). Most substitutions are at the first or second positions of codons, leading to restoration of conserved amino acids. In addition, editing restores the universal genetic code to plant mitochondria by changing CGG, which was proposed to Annual Reviews www.annualreviews.org/aronline encode tryptophan in plants (Fox & Laver 1981), back to UGG, which encodes arginine. Partially edited transcripts are rare and usually involve silent positions; there is no apparent polarity of editing as in trypanosome U editing (Wissinger et al 1991 , Schuster et al 1990b , Yang & Mulligan 1991 . In addition, antisense gRNAs such as found in trypanosome editing could not be detected. Neither the enzymatic mechanism nor the control of site specificity is understood, although an in vitro editing system has been reported (Araya et a1 1992) .
This type of editing occurs in a wide variety of flowering plants, both monocots and dicots, but not in the bryophyte, Marcantia poZymorpha (Oda et al 1992) . Fully edited nuclear homologues of edited mitochondrial genes occur in some species, which presumably evolved by a transfer of edited mRNAs or cDNAs into the nucleus and subsequent integration (Schuster & Brennicke 1994 , Nugent & Palmer 1991 .
Transcripts from approximately half of the structural genes of the chloroplast genome from monocots and dicots are also edited by C-to-U substitutions, which create conserved amino acids (Hoch et al 1991; Kudla et a1 1992; Maier et a1 1992a,b; Freyer et a1 1993; Zeltz et a1 1993; Bock et a1 1994; Neckermann et a1 1994; Ruf et al 1994) . Similarities with mitochondrial editing suggest that these organelles may share common components of the editing machinery.
tRNA NUCLEOTIDE SUBSTITUTION EDITING
Modification of specific nucleotides and transglycosylation reactions have been previously described in tRNAs, but the tern editing is not usually used to describe these phenomena. Recently, single-nucleotide substitution editing of tRNAs has been reported to occur in several systems. In several mitochondrial tRNAs in the lower eukaryotic protist A. castellmi, single-nucleotide conversions (U-to-A, U-to-G, C-to-A, and A-to-G) localized to the first three nucleotides in the 5' half of the acceptor stem restore correct base pairing (Lonergan & Gray 1993a,b) . The opposite strand appears to serve as an internal guide sequence for these editing events. Janke & Paabo (1993) reported a different type of tRNA editing in marsupial mitochondria. A GCC (glycine) anticodon of an aspartic acid tRNA is changed to a GUC anticodon by a C-to-U substitution, thereby restoring the correct coding property. And in the rat, a nuclear-encoded tRNA is edited at two sites upstream of the anticodon by C-to-U substitutions (Madchal-Drouard et a1 1993) . Finally, in Physarum mitochondria, several encoded RNAs contain single C insertions that restore G-C base pairs in several duplex regions, and a single U insertion that restores a conserved motif (Mahendran et a1 1994) . Nothing is known Annual Reviews www.annualreviews.org/aronline about the mechanism or mechanisms for these diverse examples of tRNA editing.
G-ADDITION AND A-TO-I SUBSTITUTION EDITING IN NEGATIVE STRAND RNA VIRUSES
In several paramyxoviruses-including simian virus 5, measles virus, Sendai virus, and mumps virus-a unique P gene gives rise to two mRNAs (Thomas et al 1988 , Cattaneo et al 1989 , Vidal et a1 1990 , Paterson & Lamb 1990 , Curran & Kolakofsky 1990 , Pelet et a1 1991 , Curran et al 1991 . One mRNA is a faithful copy of the DNA, and the other contains either one or two Gs inserted within a run of five to six Gs. G deletions have also been reported to occur (Jacques et a1 1994). The resulting frameshifts allow ribosomal access to a second downstream reading frame, resulting in an alternate P protein with a different C-terminal sequence. The insertion and deletion of G residues differs from the other types of RNA editing in that it occurs during transcription and is thought to be due to a stuttering of the RNA polymerase involving a pause and a slippage (Vidal et al 1990) .
Another type of editing of negative strand RNA viruses also has been reported. In RNA from defective measles viruses isolated from the brains of patients suffering from subacute sclerosing panencephalitis, clusters of multiple U-to-C transitions in the positive strand (or A-to-G transitions in the minus strand) were observed, a phenomenon known as biased hypermutation (Cattaneo et al 1988 (Cattaneo et al ,1989 ). The mechanism is thought to involve a double-stranded RNA (dsRNA)-specific adenosine deaminase, which will be discussed in more detail in the section on glutamate receptor editing. The modification is thought to occur inadvertently during transcription or replication by formation of duplex RNA structures.
C-TO-U SUBSTITUTION EDITING IN HEPATITIS 6
VIRUS RNA The hepatitis 6 virus is a subviral pathogen of humans and contains a circular RNA genome that is 1679-nt long. A single U residue at nucleotide 1012 in the genomic RNA strand is converted to a C residue in a posttranscriptional event (Luo et a1 1990 , Zheng et al 1992 . This editing leads to the modification of a stop codon and the extension of a reading frame to generate the large form of the 6 antigen, a protein required for completion of the viral life cycle. This substitution editing requires a duplex RNA region with some sequence specificity and uses cellular factors (Casey et a1 1992 (Casey et a1 , 1993 Smith et al 1992; Gottlieb et a1 1994) . The apparent utilization of an internal guide sequence is Annual Reviews www.annualreviews.org/aronline reminiscent of gRNA-mediated editing in trypanosomes and acceptor stem editing of tRNAs in Acunthomoeba mitochondria. GIuR-D:
A-TO-I EDITING OF MAMMALIAN GLUTAMATE
Figure 3 A summary of the editing events for mRNAs encoding non-NMDA glutamate receptor subunits. A schematic representation of the proposed topology for GluR-A is presented indicating the relative positions of editing sites within non-NMDA receptor subunits; the toplogy of subunits other than GluR-A (Hollman et a1 19%) have not yet been determined. The genomic, cDNA, and amino acid sequences surrounding the editing sites are presented and modified nucleosides are presented in inverse lettering.
an arginine codon (CGG) is found in the cDNA encoding the GluR-B subunit at this position (Q-R site; Figure 3 ) (Sommer et al 1991) . Multiple genes and alternative splicing have been excluded as possible sources of the arginine codon. Therefore it has been proposed that the RNA species encoding the GluR-B subunit is edited posttranscriptionally such that the A residue of the glutamine codon is converted to the G residue present in the arginine triplet. Quantitative PCR analyses of adult rat and mouse brain RNA have demonAnnual Reviews www.annualreviews.org/aronline strated that virtually all GluR-B transcripts encode this critical arginine residue within TMII, whereas GluR-A, -C, and -D transcripts encode only a glutaminecontaining form (Sommer et a1 1991) . RNA editing is also responsible for an A-to-G conversion allowing for the introduction of a glycine codon (GGA) in cDNAs encoding the GluR-B, 42, and -D subunits in place of a genomicaLlyencoded arginine triplet (AGA) (Figure 3) (Lomeli et a1 1994) . This editing site (R-G site) occurs immediately before the alternatively spliced flip-flop regions in the extracellular loop between the second and third membrane-spanning domains and serves to increase the rate of recovery from receptor desensitization (Lomeli et a1 1994) . The extent of R-G editing is low during embryonic stages (E14) but increases dramatically during postnatal develop ment. In addition to RNA modifications regulating the electrophysiological function of heteromeric AMPA receptors, subunits of the kainate receptor complex (GluR-5 and GluR-6) also are subject to RNA editing processes similar to those observed for GluR-B mRNAs (Kohler et a1 1993, Sommer et a1 1991). GluR-5 and GluR-6 transcripts are present in both arginine-and glutaminecontaining forms in adult rat brain demonstrating 40 and 80% RNA editing, respectively (Figure 3) . Two additional sites in the TMI region of GluR-6 also are targeted by RNA editing and result in an altered Ca2+ permeability for GluR-6 homomeric channels (Kohler et a1 1993) . These two additional editing sites both represent adenosine-to-guanosine alterations resulting in the coding of valine and cysteine in GluR-6 mRNAs rather than the isoleucine and tyrosine moieties predicted from the genomic DNA sequence (Figure 3) . In contrast with AMPA receptor channels, the presence of a glutamine residue in TMII determines channels with low Ca2+ permeability, whereas an arginine in this position confers an increased Ca2+ flux if TMI is fully edited (Kohler et a1   1993) . If the sites in TMI are in the nonedited form, Ca2+ permeability is less dependent upon the presence of glutamine or arginine in TMII.
Recent studies of regulatory sequences mediating the posttranscriptional processing of GluR-B mRNAs have indicated that the intron distal to the exon encoding TMII (intron 11) harbors determinants essential for accurate and efficient RNA editing at the Q-R site (Figure 4) (Egebjerg et al 1994 , Higuchi et al 1993 . Deletional analyses of GluR-B minigene constructs, transfected into a rat pheochromocytoma (PC12) or rat neuronal (N2a) cell line, have demonstrated that sequence elements critical for RNA editing reside within the proximal 380 nt of intron 1 1. DNA sequence analyses of this intronic region have shown the presence of a 10-nt sequence having exact complementarity to the exonic sequence immediately surrounding the Q-R site (Figure 4) . It has been proposed that this editing-site complementary sequence (ECS) may be involved in the formation of a duplex RNA structure that is essential for RNA editing (Egebjerg et al 1994, Higuchi et al 1993) . Additionally, an Annual Reviews www.annualreviews.org/aronline imperfect inverted repeat sequence upstream from the ECS was identified that also contributes to the formation of a region of dsRNA within the GluR-B primary RNA transcript. Mutations disrupting the base-pairing within the inverted repeat or between the ECS and the Q-R site significantly decreased or abolished the editing of transfected GluR-B transcripts (Higuchi et a1 1993) .
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Compensatory mutations designed to maintain the RNA secondary structure generally restored editing efficiency, indicating that secondary structure rather than the primary nucleotide sequence is critical for the editing process. In addition to editing at the Q-R site, additional intronic G residues were identified in place of gene-specified A residues at multiple sites ( Figure 4) ; the extent of editing at these intronic positions was significantly less than that observed at the Q-R site. Due to intronic sequence requirements, the editing of GluR-B transcripts must represent a nuclear posttranscriptional processing event occurring prior to or coincident with RNA splicing Ggebjerg et a1 1994 , Higuchi et al 1993 . Previous studies have suggested that the C-to-U editing of apo B transcripts, which was discussed above, is also a nuclear RNA processing event based upon the subcellular distribution of modified apo B transcripts (Lau et a1 1991).
Similar RNA duplex structures were identified in the regions surrounding the R-G sites for pre-mRNAs encoding the GluR-B, -C, and -D subunits (Lomeli et al 1994) . In GluR-B, this dsRNA domain results from base-pairing interactions between the 3'-end of exon 13 and the proximal 60-nt of intron 13. As previously seen in analyses of the Q-R site, mutations that disrupted the proposed R-G RNA duplex abolished editing, whereas compensatory mutations significantly increased editing efficiency. In addition to the proposed region of dsRNA, distal intronic elements were necessary for maximal editing efficiency, although not absolutely required for editing at the R-G site (Lomeli et al 1994) .
Catalytic Mechanisms
The editing of RNA transcripts encoding non-NMDA glutamate receptor subunits results from the creation of a G-like nucleotide from a genomically encoded A residue (Sommer et a1 1991) . This nucleotide directs the incorporation of C by reverse transcriptase and produces a codon that alters the coding potential of the resultant mRNA transcripts. Alterations in base-pairing potential from a genomically encoded A residue to a G moiety could occur by three general biochemical mechanisms, including nucleotide excision and replacement, base exchange through transglycosylation, or direct modification of the base (Figure 5) . Unlike the C-to-U substitution observed in apo B transcripts, an A-to-G conversion would require multiple catalytic steps (Bass 1993). Following precedents found in other biochemical systems, the adenosine C6 amino group could be replaced with a ketone by the deamination of the A residue to inosine (I) by using an adenosine deaminase-like activity ( B transcripts results from a nucleotide-specific deamination converting C to U (Greeve et al 1991 , Johnson et al 1993 . Navaratnam et al 1993 . Similarly, the editing of GluR-B transcripts could involve a site-specific deamination converting A to I (Sommer et al 1991) . I, like G, preferentially base pairs with C, suggesting that the actual RNA modification involved in the editing of GluR-B transcripts at the Q-R site may result from a CIG (arginine) codon in the mature mRNA rather than the CGG (arginine) codon inferred from the isolated cDNA sequence. The observation that editing of GluR-B transcripts at both the Q-R and R-G sites requires the presence of an RNA duplex has suggested that an adenosine deaminasdike activity with a dsRNA specificity may be the operant enzyme involved in the posttranscriptional processing of glutamate receptor RNAs (Egebjerg et a1 1994; Higuchi et a1 1993; Kim et a1 1994a.b; Kim & Nishikura 1993; Lomeli et a1 1994; Polson & Bass 1994; Sommer et a1 1991) . The identification of additional edited residues within the intronic region of the proposed RNA duplex (Figure 4) , distal to the Q-R site, lends further support to this hypothesis (Higuchi et a1 1993) . A dsRNA unwinding activity, originally described in Xenopus fuevis embryos, was identified based upon its ability to alter the mobility of synthetic dsRNA transcripts on nondenaturing gels subsequent to embryo microinjection (Bass & Weintraub 1987 & Weintraub ,1988 Rebagliatti & Melton 1987) . Further analyses revealed that this phenomenon resulted from the conversion of A residues within the RNA duplex to I residues by hydrolytic deamination (Bass & Weintraub 1988 , Polson et a1 1991 , Wagner et a1 1989 . The conversion of A to I by this dsRNA adenosine deaminase (dsRAD or DRADA) results in the production of I-U mismatches rather than Watson-Crick A-U base pairs, thereby destabilizing the RNA duplex. Since its initial discovery in X. fmvis, dsRAD has been shown to be expressed in multiple mammalian tissues and cultured cells as well as diverse organisms throughout the animal kingdom (Bass 1993; Kim et a1 1994a,b; Wagner & Nishikura 1988) .
Although the physiological role of this RNA-modifying activity has not been determined, it has been implicated in the modification of the transactivation response (TAR) element of human immunodeficiency virus 1 RNA (Sharmeen Annual Reviews www.annualreviews.org/aronline et al 1991). in matrix protein transcripts of negative strand RNA viruses, as discussed above (Bass et a1 1989a.b; Polson & Bass 1994) , as well as in the modification of RNAs encoding subunits of glutamate-gated ion channels (Egebjerg et al 1994; Higuchi et al 1993; Kim et al 1994ab; Kim & Nishikura 1993; Lomeli et al 1994; Polson & Bass 1994; Sommer et a1 1991) . In vitro studies of dsRAD have indicated that this enzymatic activity is specific for A residues within an RNA duplex, although it can modify dsRNAs of many different sequences (Bass & Weintraub 1988 , Wagner et al 1989 and can bind to double-stranded substrates that do not contain A (Hough & Bass 1994). Up to 50% of the A residues in both strands of a synthetic dsRNA substrate can be converted to I residues (Bass & Weintraub 1988 , Nishikura et a1 1991 . Because dsRAD can modify such a large percentage of the A residues in longer &RNA substrates, it has generally been considered to be nonspecific with regard to A residue preference. More recent studies of A selectivity by dsRAD have indicated a 5'-neighbor preference (A = U > C > G) and a high selectivity for specific A residues within a short RNA duplex (Polson & Bass 1994) . These characteristics have been used to explain how dsRAD may mediate non-NMDA receptor RNA editing without the need for additional factors to more accurately specify target A residues (Polson & Bass 1994) .
A full investigation of the biochemical mechanisms mediating GluR-B RNA editing requires an identification of the exact chemical nature of the modified nucleotide product, a determination of whether this nucleotide is produced while maintaining the RNA phosphodiester backbone, and a determination of whether the new base results from chemical modification or transglycosylation. To elucidate the molecular mechanisms underlying this subunit-specific RNA editing event, an in vitro system for the editing of GluR-B RNA was developed using synthetic RNA substrates and nuclear extracts prepared from HeLa cells (Rueter et a1 1995 , Melcher et al 1995 , Yang et a1 1995 . Results from these studies further implicated dsFtAD in the posttranscriptional processing of GluR-B transcripts. Thin-layer chromatographic analyses of radiolabeled RNA substrates revealed that GluR-B editing resulted from the conversion of A to I by enzymatic base modification (Rueter et al 1995 , Melcher et a1 1995 , Yang et a1 1995 . Analyses of mutant GIuR-B RNA transcripts indicated that this enzymatic activity required an RNA duplex, while competition analyses verified that single-stranded RNA, single-stranded DNA, and double-stranded DNA could not serve as competitive inhibitors of the reaction. Biochemical fractionation studies using a double-stranded RNA affinity column have suggested that GluR-B editing and dsRNA-deamination activities are distinct, but they may have dsRAD, or a similar deaminase, as a common component (Yang et a1 1995) . Future studies will be required to determine if the recently purified terized of these is a site in homology domain 111 involving multiple editing events within a single exon. The frequency of editing at this site is approximately 75% in cDNA analyses from whole adult fly. However, analyses of tissue-specific splice forms of para transcripts indicates that this posttranscriptional modification may be tissue specific. The most frequent editing event involves three A-to-G (I) conversions resulting in a Q-to-R amino acid substitution like that observed for GluR-B, a silent change, and an N-to-D amino acid substitution. Like GluR-B, this region is predicted to form an RNA duplex, but the precise sequences necessary for editing remain to be determined. The functional significance of these editing events on para sodium channel function is currently being investigated.
CONCLUSIONS
Studies on the various types of RNA editing reveal that nucleotide sequences can be modified at the RNA level in a variety of ways and that these modifications are frequently regulated and are biologically significant. The trypanosome U-addition and -deletion editing, the apo B mRNA C-to-U substitution editing, and the glutamate receptor mRNA A-to-I editing are perhaps the best understood phenomena, and they appear to have little in common other than the name and the fact that RNA molecules are involved. In several cases, duplex RNAs with internal or external guide sequences appear to be involved in determining the particular editing sites, but this may not be a general phenomenon. Little is yet known about the mechanisms and site specificity selection of the plant mitochondrial, plant chloroplast, and Physarum mitochondrial types of editing.
The A-to-I conversion, exemplified by the glutamate receptor editing and produced by the actions of a dsRAD-like activity, is likely to be quite widespread, owing to the ubiquity of this activity in higher organisms. The biological importance of RNA editing in other systems may prove as significant as 
